Studies regarding the morphology dependence of the perovskite-type oxides functional materials properties are of recent interest. With this aim, nanorods (NRs) and nanocubes (NCs) of barium titanate (BaTiO 3 ) have been successfully synthesized via a hydrothermal route at temperature as low as 408 K, employing barium acetate, titanium isopropoxide, and sodium hydroxide as reagents without any surfactant or template. Scanning electron microscopy (SEM), transmission electron microscopy (TEM), and X-ray powder diffraction (XRD), used for the morphology and structure analyses, showed that the NRs were formed by an oriented attachment of the NCs building-blocks with 20 nm average crystallites size. The thermodynamic properties represented by the relative partial molar free energies, enthalpies, and entropies of the oxygen dissolution in the perovskite phase, as well as the equilibrium partial pressure of oxygen, indicated that NRs powders have lower oxygen vacancies concentration than the NCs. This NRs characteristic, together with higher tetragonallity of the structure, leads to the enhancement of the dielectric properties of BaTiO 3 ceramics. The results presented in this work show indubitably the importance of the nanopowders morphology on the material properties.
Introduction
Since its discovery during the Second World War, barium titanate (BaTiO 3 ) has been extensively studied because of its excellent dielectric, ferroelectric, and piezoelectric properties providing new opportunities for a wide range of applications directed to the electronic devices industry [1, 2] . A renewed scientific interest, especially for nanostructured BaTiO 3 , has been shown because this is a lead-free ferroelectric material that can overcome the environmental problems related to the release of lead during the production process of lead-based materials [3] . However, when considering the nanostructured forms of barium titanate it must be taken into account that, at nanoscale, a pseudo cubic, nonferroelectric structure, with submicrometric particle size and with a low dielectric constant value, is stabilized at room temperature [4] . Among barium titanate nanostructures, the one-dimensional (1D) morphology as nanotubes, nanorods, or nanowires presents a special interest because this kind of nanoparticles can conserve its high dielectric constant and ferroelectric switchability at nanoscale [5] . Thereby, extensive research has been conducted on different synthesis approaches to obtain 1D barium titanate nanostructures and the most reported are the template assisted sol-gel [6, 7] , electrophoretic [8, 9] , and hydrothermal [10] [11] [12] methods. However, when choosing a synthesis method for 1D perovskite-type oxides it must be considered that this is capable of ensuring the complete control over the structure, size, and morphology for the enhanced functional properties at nanoscale preservation. In this view, the hydrothermal method is a very good approach, as it has been demonstrated that the structure, size, and shapecontrolled BaTiO 3 crystalline nanoparticles can be obtained by hydrothermal treatments of precursors at relatively low temperatures (<573 K) [13] [14] [15] [16] .
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The low temperature and no need of sophisticated equipment make from the hydrothermal method a cost and time effective synthesis procedure. However, for 1D BaTiO 3 nanostructures, the template assisted methods reported in the literature have the drawback of two-step procedure as firstly the titanium precursor is obtained in 1D morphology, and then the reaction parameters with the barium source must be carefully chosen to enable shape retention during the hydrothermal treatment [10] [11] [12] . Therefore, to keep the cost and the duration for the hydrothermal procedure reduced, one-step approaches to achieve 1D growth should be evaluated. Here we propose one-step hydrothermal synthesis procedure for the formation of 1D barium titanate by self-assembly nanostructured building-blocks [17] . The success of this strategy under hydrothermal conditions has been demonstrated for the preparation of perovskite KNbO 3 nanowires [18, 19] . The authors showed that highly anisotropic potassium niobate 1D nanostructures grown from isotropic hydrothermal medium have slightly distorted cubes as building blocks [19] . Maxim et al. demonstrated that BaTiO 3 nanocubes with various sizes can be obtained by a sol-gel hydrothermal method [20] .
To the best of our knowledge there are no studies reporting the hydrothermal synthesis of 1D barium titanate by nanocubes self-assembly strategy. This paper demonstrated that BaTiO 3 nanorods can be obtained by the mentioned approach. For a more complex characterization, the morphological and structural analysis has been coupled with the evaluation of the thermodynamic and electrical characteristics in relation to significant changes in the overall concentration of defects. By the comparative study of nanorods and nanocubes structures, new features related to the modifications in properties connected with the nanocrystalline state were evidenced.
Materials and Methods
The barium titanate synthesis was performed in a high pressure Berghof BR-100 reactor. The precursors and the basic synthesis procedure were previously reported by Maxim et al. [20] . In the present study the synthesis parameters were optimized in order to obtain 1D nanostructures. The sol containing the barium and titanium ions was prepared by adding drop wise 5 mL Ti(C 3 H 7 O) 4 (Sigma Aldrich > 97%), under vigorous stirring, in a solution of Ba(CH 3 COO) 2 (Merck 99.0-102.0%) in glacial acetic acid (Sigma Aldrich). The Ba/Ti molar ratio was 1. The sol was precipitated in aqueous solution of sodium hydroxide (Merck > 99%). The quantity of the acetic acid was calculated after the neutralization with the hydroxide to give a pH higher than 13. The reaction mixture was transferred into the reactor and hydrothermally treated at 408 K (135 ∘ C) for 24 h. One synthesis under magnetic stirring and another without magnetic stirring have been performed. Then, the resulted powders were filtered off and washed with distilled water until neutral pH. The as prepared powders were dried in air at 60 ∘ C for 12 h.
The powders morphology was analyzed by scanning electron microscopy (SEM) with a FEI Quanta 3D FEG microscope operated at up to 10 kV acceleration voltages and by transmission electron microscopy (TEM) with a FEI Tecnai G2-F30 instrument at 300 kV. Structural analysis was conducted by X-ray diffraction (XRD) technique at room temperature, using a Rigaku MiniFlex II diffractometer with Cu K radiation ( = 0.15406 nm), in 20 ∘ -80 ∘ 2 range, with a step length of 0.02 ∘ and a fixed counting time = 1 s/step.
A solid state electrochemical method was used to obtain the thermodynamic data represented by the relative partial molar free energies, enthalpies, and entropies of oxygen dissolution in the perovskite phase (Δ O 2 , Δ O 2 , and Δ O 2 ), as well as the equilibrium partial pressures of oxygen as a function of temperature. An electrochemical cell containing 12.84 wt.% yttria stabilized zirconia solid electrolyte and an iron-wüstite reference electrode has been used. The design of the setup, as well as the theoretical and experimental considerations related to the applied method, has been previously described [21] . For these measurements the hydrothermal powders were pressed into pellets weighting ∼0.1 g. Measurements were performed in vacuum at a residual gas pressure of 10 −7 atm. The electromotive force (EMF) was measured with a Keithley 2000 Multimeter, at 50 K intervals between 773 K and 1273 K, each time waiting until equilibrium conditions were obtained. Equilibrium conditions were achieved when the EMF values for increasing and decreasing temperatures agreed within ±1 mV during 10 min. The free energy change of the galvanic cell is given by the expression
where is the steady-state EMF of the cell in volts, O 2 and O 2 (ref) are the oxygen chemical potential of the sample and the reference electrode, respectively, and is the Faraday constant. Knowing the experimental values of the EMF, the relative partial molar free energy of the solution of oxygen in the perovskite phase and hence the pressures of oxygen in equilibrium with the solid can be calculated based on the following formula [21] :
The relative partial molar enthalpies and entropies were obtained according to the known relationships [21] :
For the dielectric properties measurements the hydrothermal powders were pressed into pellets of 13 mm in diameter and around 1.3 mm thickness. For sintering, the pellets were thermally treated at 1623 K for 2 h in a Carbolite furnace with a heating/cooling rate of 2 K/min. Silver electrodes were painted onto both surfaces. A frequency response analyzer, Solartron Analytical 1255A, was used to obtain the dielectric constant (permittivity) and the dielectric losses data from room temperature to about 493 K in the 100 Hz to 1 MHz frequency range. 
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Results and Discussion
SEM investigation showed that cube-shaped nanoparticles with narrow size distribution and average dimension of 55 nm were formed after the hydrothermal treatment with stirring (Figures 1(a) and 1(b)), SEM investigation of the sample denoted BTNCs showed that the SEM analysis of the material prepared without stirring (Figures 1(c) and 1(d)) revealed the formation of faceted elongated particles with average diameter of 147 nm and aspect ratio around 3 suggesting the one-dimensional feature of the sample labelled BTNRs. The value of the aspect ratio indicates the formation of nanorods [22] . As can be observed in the high magnification SEM micrographs (Figures 1(b) and 1(d)) the nanocubes have the tendency to aggregate in one direction suggesting the self-organization of these nanostructures (arrows in Figure 1(b) ). Indeed, the nanorods seem to be formed by oriented aggregation of faceted cuboids particles (Figure 1(d) ). These observations indicate the possibility of barium titanate particles growth by an oriented attachment mechanism [23, 24] involving nanoparticles with common crystallographic orientations which join together by a planar interface to form a larger particle. To give further insight on the growth mechanism of the nanorods, TEM investigation was used ( Figure 2 ). The bright field image (Figure 2(a) ) shows a barium titanate nanorod with smooth edges and parallelepiped shape. The dark field image (Figure 2(b) ) shows the single crystal feature as the brightness/contrast is uniform along the entire 1D particle. Additionally, in the dark field image one can observe the planar crystal defects which are marked with arrows in Figure 2 (b). These planar defects can be attributed to dislocations generated by imperfect oriented aggregation of the building block nanocrystals [25] . The selected area electron diffraction (SAED, square mark in Figure 2 (a)) presented in Figure 2 (c) indicates once again that the nanorods have a single crystal characteristics and the growth axis of the nanorods is along (001) crystallographic axis of BaTiO 3 , which is the polar axis of the tetragonal structure. All TEM results are in accordance with the SEM analysis (Figure 1(d) ) and force the idea that the BTNRs could be formed under hydrothermal conditions by a selfassembly oriented attachment mechanism. However, a more detailed growth kinetic study must be performed in order to discriminate between various possible mechanisms (Oswald ripening versus oriented attachment [24] ). Further clarifications regarding the structure of BaTiO 3 nanopowder samples were obtained by XRD ( Figure 3 ). It is found that the XRD patterns of both samples can be indexed with JCPDS 75-0211 suggesting the formation of BaTiO 3 cubic perovskite phase, characteristic to the barium titanate powders obtained by wet chemical methods, at low temperatures [26] [27] [28] . Moreover, no secondary phase of barium carbonate is formed, suggesting the reliability of the synthesis procedure proposed in this study (Figure 3(a) ). The crystallite size calculated by Williams-Hall method was found to be around 20 nm for both samples and with a lattice parameter of 0.401 nm. In Figure 3 (b) the region around the cubic (200) reflection has been selected, 2 ∼45 ∘ , showing the fine structural differences between the samples. First difference is the relative intensity of the corresponding peak which is 25.5% for BTNRs and 31.4% for BTNCs, respectively. Moreover, the 2 ∼ 45 ∘ peak has a FWHM value of 0.547 ∘ in the case of BTNRs sample, higher than the corresponding value of 0.475 ∘ for the BTNCs sample. These differences denote the broadening of the (200) reflection (Figure 3(b) ) for the nanorods and can suggest the formation of predominant tetragonal structure, characteristic to barium titanate powders obtained by high temperature solid-state reaction [29] . To give better inside into the crystal structure, Raman spectroscopy has been performed. Although both samples reveal BaTiO 3 Raman bands at around 185 cm −1 (characteristic to hydrothermally prepared barium titanate powders [30] ), at ∼250, 520, and 720 cm −1 there are some differences suggesting different local structure for BTNCs when compared to BTNRs (Figure 4 ). The main difference is the broad band at around 299 cm −1 for the BTNCs characteristic to predominant cubic BaTiO 3 phase and the sharp peak at around 305 cm −1 for BTNRs sample characteristic to tetragonal barium titanate structure [31] . As the functional properties (high dielectric constant, ferroelectric switchability) are conserved at nanoscale only for the ferroelectric tetragonal BaTiO 3 , the synthesis methods that allow the preparation of tetragonal barium titanate nanostructures at relatively low temperatures are highly desirable [32] [33] [34] [35] [36] . In the present study, based on the above results, it is demonstrated that the tetragonality of the nanorods is higher than in the case of barium titanate nanocubes obtained in the same conditions at 408 K.
BT-NCs
Moreover, in the Raman spectra (Figure 4 ) for the BTNCs sample it is observed that a shoulder at ∼807 cm −1 appears, indicating the lattice defect mode due to the deformation of lattice OH groups incorporated during the hydrothermal synthesis [30] . We have to note here that this Raman band is not present in the case of BTNRs sample. Thus, the structural differences between BTNRs and BTNCs samples can be discussed also in terms of lattice point defects, which are of special importance in functional materials as they control their electronic properties. For the hydrothermal BaTiO 3 , the hydroxyl groups incorporated in the perovskite lattice must be taken into consideration [37] , which are responsible for the formation of donor-type oxygen vacancies and, according to the charge compensation, for the formation of acceptor-type barium and titanium vacancies [28] . Since the oxygen vacancies play a key role in aging and fatigue of ferroelectric materials by impeding domain wall motion or by acting as local disturbances of the polarization [38, 39] , information about the concentration and mobility of this type of defects in barium titanate is of special interest. Some information about the correlation of the electrical and structural stability with the defect structure of BaTiO 3 was obtained by conductivity and diffusivity measurements [40] or by theoretic calculations [41] . Tanasescu et al. demonstrated that information regarding the concentration and distribution of the oxygen vacancies into the perovskite lattice of complex oxide compounds can be obtained by determining the thermodynamic properties represented by the relative partial molar free energies, enthalpies, and entropies of the oxygen dissolution in the perovskite phase, as well as the equilibrium partial pressure of oxygen [21] . Here we present for the first time the comparison between the thermodynamic properties of hydrothermal prepared BaTiO 3 with different morphologies. In Figure 5 the Δ O 2 as a function of temperature, in the temperature range of 773-1273 K, for BTNRs and BTNCs samples is presented. Three temperature regions can be observed for the variation of Δ O 2 . In the first region (temperature < 973 K), one can observe that the Δ O 2 values of BTNRs are with almost 100 kJ mol −1 lower than Δ O 2 of BTNCs. The lower the partial molar free energy value is, the lower the oxygen vacancy concentration is [42] . In the 973-1173 K temperature range, the Δ O 2 shows weak temperature dependence for nanorods and nanocubes morphologies. At temperatures higher than 1173 K, the partial molar energy has an increasing trend for both samples. It is known that undoped barium titanate undergoes an -type to -type transition in its semiconducting behaviour at oxygen partial pressure higher than 10 −6 atm [43, 44] . In Figure 6 the variation of log O 2 as a function of 1/ for the samples BTNCs and BTNRs is presented. First observation is that the O 2 domain is below 10 −10 atm, and then the data presented here are in the -type regime. Second, it can be observed that the values of O 2 obtained for the BTNRs sample are almost one order of magnitude lower than the corresponding values of the oxygen partial pressure of the BTNCs sample in the temperature range from 773 to 973 K. Finally, at temperatures higher than 1073 K, the O 2 values obtained for both nanorods and nanocubes morphologies become comparable. Based on the above presented results, the variation of Δ O 2 and O 2 with temperature suggests the lowest concentration of oxygen vacancies in the perovskite lattice for the barium titanate with 1D morphology in the temperature range below 973 K. Clarifications regarding the binding energy and the order in the oxygen sublattice of BaTiO 3 perovskite structure can be achieved by determining the Δ O 2 and Δ O 2 values in temperature ranges in which the partial molar free energies are linear functions of temperature [21] , namely, 773-873 K for BTNCs and 823-973 K for BTNRs. The Δ O 2 values are −677.62 kJ/mol for BTNCs and −776.42 kJ/mol for BTNRs. The Δ O 2 values are −279.7 J/mol K for BTNCs and −254.8 J/mol K for BTNRs. The decreasing of the enthalpy and the increasing value of the entropy for BTNRs suggest the increased binding energy of oxygen and the random distribution of the oxygen vacancies into the perovskite phase for the 1D barium titanate. The electric properties of the dense ceramic bodies (SEM microstructure shown in Figure 7 ) obtained from the hydrothermal BTNCs and BTNRs powders have been evaluated and the variation of the permittivity and the dielectric losses with the frequency (from 1 Hz to 1 MHz) at room temperature and with temperature (from room temperature to 473 K) at a frequency of 10 kHz are presented in Figures 8  and 9 , respectively.
The microstructure of BaTiO 3 pellets (Figure 7 ) reveals the formation of dense ceramics with large grains of around 30 m for the BTNCs sample (Figure 7(a) ) and ∼100 m for BTNRs sample (Figure 7(b) ). Although the particles shape of the initial hydrothermal powders was not retained, differences in the grains morphology can be observed. The BTNCs ceramics present rounded edges grains. Differently, for the BTNRs ceramics abnormally large faceted grains embedded in fine grains matrix are formed. This abnormal grain growth is well known in BaTiO 3 -based ceramics obtained by conventional air-sintering [45] . Figure 8(a) shows that the ceramic sample obtained with BTNRs powders exhibits two times higher dielectric permittivity at room temperature than the BTNCs ceramic. Moreover, the variation of with the frequency is almost constant for the BTNRs and decreases with frequency increasing for the BTNCs. In Figure 8 (b) one can note that for both ceramic samples the dielectric loss decreases with frequency increasing. Moreover, the values of this dielectric parameter are below 0.05, values comparable with the earlier reports of conventionally sintered barium titanate ceramics [46, 47] .
The first important common observation of Figures 9(a) and 9(b) is the presence of the sharp peak in the permittivity versus temperature curves for both BTNCs and BTNRs ceramics, denoting the permittivity anomaly located at the ferroelectric to paraelectric transition temperature (Curie temperature ) [48] . The second observation is the low dielectric losses for both samples, with average values lower than 0.05 over the entire temperature range. By comparing the dielectric constant of the samples it can be observed that the BTNRs have approximately 4 times higher the maximum permittivity value than the BTNCs ceramics (at is 9432 for BTNRs and 2473 for BTNCs). The dielectric constant value obtained for the BTNRs sample is among the highest reported for barium titanate ceramics prepared from hydrothermal powders [46, 49, 50] . Moreover, it is known that the value of the dielectric constant of the BaTiO 3 ceramics, beside the initial powders synthesis method, is also dependent on the sintering procedure and a colossal permittivity of around 40 000 was reported for microwavesintered barium titanate [51] . However, the value of 9432 Journal of Nanomaterials obtained in the present study for the BTNRs ceramics permittivity is still higher than the values normally reported for conventionally sintered barium titanate [47, 51] . From the dependence of the permittivity on the temperature (Figure 9 ), the decreasing of the Curie temperature can be also noticed when hydrothermal BTNRs powders are used for the barium titanate ceramics ( is decreasing from 401 K for BTNCs to 396 K for BTNRs). Moreover the dielectric losses of BTNRs ceramics are lower than the corresponding values of BTNCs sample (<0.03 for BTNCs and <0.01 for BTNRs). The results obtained from the dielectric properties evaluation demonstrated the enhancement of these properties when hydrothermal prepared powders with 1D morphology are used for BaTiO 3 ceramics.
Conclusions
In summary, NRs and NCs of barium titanate have been effectively prepared by surfactant-and template-free hydrothermal treatment of barium acetate and titanium isopropoxide in the presence of NaOH, at 408 K, for 24 h. Nanocrystals with ∼20 nm average size have been obtained. The morphological and structural investigation showed that the formation of the NRs powders, with more tetragonal structure, can be attributed to the oriented attachment of the nanocubes building blocks. The variation of the thermodynamic properties Δ O 2 , Δ O 2 , and Δ O 2 , as well as O 2 with temperature, indicated that 1D BaTiO 3 nanopowders have the lowest concentration of oxygen vacancies, the highest binding energy of oxygen, and the lowest concentration of oxygen vacancies randomly distributed into the perovskite lattice and the highest binding energy of oxygen.
The evaluation of the dielectric properties demonstrated that the maximum permittivity increases and the Curie point and dielectric losses decrease when NRs are used as hydrothermal nanopowders for barium titanate ceramics. These nanostructures can be promising candidates as energy harvesters in nanoelectromechanical systems (NEMS).
The results presented in this work are significant in morphology-properties correlation for the perovskite-type oxide nanomaterials, indicating the enhancement of the thermodynamic and electric properties for 1D shape.
